The plum rain season, caused by precipitation along a persistent stationary Mei-Yu front in East Asia, creates favorable temperatures and relative humidity (RH) for mold growth indoors. This paper investigates the effects of human occupancy on indoor humidity and investigates the efficient RH reduction methods to prevent mold growth in moist climates. The research is carried out based on a case study which compares a family-occupied home and another unoccupied one during typical plum rain season in Nanjing. Firstly, by analyzing the factors that can influence the indoor air RH, this paper develops a comprehensive model to evaluate the efficiency of various RH intervention methods. Secondly, this paper collects the meteorological data in Nanjing at different time scales, from days to hours. Thirdly, a specific case study is carried out based on the model and data. The results show that dehumidification and heating can always reduce RH below the critical value under which the mold growth could be inhibited. However, the effects of ventilation are more sophisticated and depend upon the human occupancy, outdoor air temperature, and air change per hour (ACH). In certain unoccupied cases, the ventilation may be inappropriate and may continuously bring moisture outside into the indoor environment, which has adverse effects on mold suppression. In the occupied cases, the condition changes significantly because the human is deemed as an internal source of heat and moist. Special care should be exercised for occupied ventilation in order to determine the optimal ACH and appropriate outdoor temperatures. Finally, some guidance is given to prevent mold growth in the general area that suffers from the plum rain season.
Introduction
The plum rain season, academically known as East Asian rainy season, is a distinctive phenomenon in East Asia, especially representative in the middle and lower reaches of the Yangtze River, China [1] . It is caused by heavy precipitation along a persistent stationary Mei-Yu front, usually lasting from June to July, with frequent rainfalls after a slowly drifting cold front meets a moist and stable subtropical air mass. Due to the sustained rainy days in the plum rain season, high temperature and high relative humidity (RH) appear simultaneously in both indoor and outdoor environments, creating a favorable condition to promote mold growth [2] , which is recognized as a major health hazard for occupants in indoor environments [3] . The adverse health effects associated with exposure to indoor mold contaminants and their metabolites by means of inhalation, ingestion, and dermal contact [4] have been supported by many clinical and epidemiological studies, including asthma, allergy, cough, and other respiratory symptoms [5] [6] [7] [8] .
The mold growth in building environments is determined by various factors: the moisture content, the surface air temperature, the substrate type, the nutrients, etc. [9] [10] [11] . Among these, the indoor air RH is revealed as a key element [12] [13] [14] . Molds were found to grow rampantly in environments with simultaneous high temperature and high RH [2, 15] , such as the plum rain season. Liu et al. [16] conducted a study on bio-aerosols in the university dormitory during the plum rain season, showing that the concentration of fungi was considerably higher than that of bacteria. The prevalence of indoor molds ranges from 5% to 10% in a cold climate, while the estimates have been between 10-30% in residential environments in moderate or warm climate [17] . It is noted that a comfortable thermal and moisture environment that favors occupants also facilitates mold growth [2] .
The critical relative humidity (RH crit ), proposed in the widely used VTT model (developed at VTT Technical Research Centre of Finland) [15, 18] , is a decisive parameter which is defined as the minimum RH suitable for mold growth. The RH crit applied in the VTT model corresponds to mold index (MI) = 1, also referring to the initial stages of mold growth [15] . It indicates the necessity and timing for avoiding mold growth. Specifically, the mold index, ranging from 0 to 6, was defined to evaluate the total growth activity of different mixed mold species, while 0 was for no spores activated and 6 was for a very heavy and tight mold growth [18] . The humidity requirement for the onset of mold growth was discussed under varying climate conditions and materials [10, 11, 19] . Maintaining the indoor thermal conditions (i.e., temperature and RH) is a simple but effective way to avoid mold growth in existing buildings during the plum rain season, which still remains to be addressed practically.
The indoor thermal environment is affected by indoor heat sources, moisture sources, outdoor ventilation, occupants and their activities, etc. As described in previous studies, the indoor air temperature is determined by the thermal conservation equation, where heat source, heat sink, thermal capacity, and ventilation rate are crucial factors [20] . For humidity control, the general mass conservation equation has been employed widely and presented in previous literature [21] , indicating the crucial role of ventilation in transporting moisture between indoor and outdoor environments [22] . It is noted that heat and moisture are concurrently induced by outdoor ventilation and could remarkably affect the indoor air RH and temperature for mold growth [23, 24] . In respect to the indoor thermal environment, occupants contribute themselves as an indispensable component of indoor heat and moisture sources. Both heat and moisture generated by humans depend on their activities, such as working status and cleaning activities [25] , which have a significant effect on the indoor thermal conditions.
In this paper, a case study was carried out based on the proposed model, and the climate data was collected in Nanjing, China. It is revealed that the role of human occupancy has great effects on the means to avoid mold growth during the plum rain season. An ordinary three persons' family (parents and one child) was chosen to compare the occupied home with the unoccupied one to investigate the difference of indoor air RH. The VTT model was employed to identify the critical RH for mold growth. Ventilation, dehumidification, and heating methods were discussed in both unoccupied and occupied homes, so as to effectively avoid mold growth during the plum rain season and other high humidity climates.
Problem Formulation

Assumptions and Specifications
The following assumptions are employed to simplify and facilitate the model and subsequent analysis:
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(1) The building envelope is made of concrete blocks with thickness 0.2 m. (2) The combined thermal mass consists of the external wall and indoor air, whose temperatures are equal. (3) The indoor air is well mixed, indicating that air temperature and RH are uniform in the room. (4) The ventilation rate is a constant and described by different ACH (h −1 ). (5) The combined convective heat transfer coefficient between the building envelope and the outdoor air is 5W/(m 2 · • C) [26] . (6) The initial indoor air temperature and RH equal to the average outdoor meteorological parameters during the plum rain season. (7) Mold grows only on the wooden building structures and materials.
The physical parameters of the building envelope and air employed in this study are summarized in Table 1 . Table 1 . A summary of physical parameters of the building envelope and air [26] . 
Items
Model Equations
The critical relative humidity, RH crit (%), originating from the widely used VTT model, was employed in this study. Similarly, Alev et al. [23] carried out a study on avoiding mold growth in an interiorly insulated log wall in a cold climate, where no mold was accepted (i.e., MI < 1). As displayed in Figure 1 , the RH crit suggests the lowest humidity required for mold growth on wooden materials.
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where RH crit is the critical RH, %, and T is the surface air temperature, • C. When the outdoor fresh air is introduced inside, both heat and moisture of outdoor air are transferred into the indoor environment, influencing both temperature and RH indoors. The indoor thermal and humidity environment is dominated by the heat and mass conservation equations. According to the first law of thermodynamics, the heat balance equation for the building can be written as below:
where cm is the combined thermal mass of the external wall and indoor air, J/ • C; ρ is the air density, kg/m 3 ; c p is the air heat capacity, J/(kg· • C); q is the ventilation rate, m 3 /s; T is the indoor air temperature, • C; T o is the outdoor air temperature, • C; h is the combined heat transfer coefficient for the external wall, W/(m 2 · • C); A is the area of the external wall, m 2 ; and Q is the heat source (positive) or sink (negative), W. The general mass conservation of pollutants in a tow-zone building was presented by previous authors [22] , which is also adoptable for other non-pollutants, e.g., air moisture. The moisture transferring from the external wall is considered as the moisture source or sink, and the mass conservation equation of indoor air moisture is simplified to:
where M is the mass of indoor air, kg; D is the indoor air moisture content, g/kg; D o is the outdoor air moisture content, g/kg; and W is the moisture source (positive) or sink (negative), g/s. The RH can be described as:
where D b is the saturated moisture content, g/kg.
The saturated moisture content is obtained empirically [27] :
Case Scenario
Based on the report issued by Nanjing Meteorology, the plum rain season in Nanjing in 2015 lasted from 24 June 2015 to 13 July 2015, showing typical rich rainfall of the plum rain season. During this period, the rainfall in the main urban area was up to 374.7 mm. Meteorological parameters were measured by a Vantage Pro2 weather station (DAVIS Inc., Hayward, CA, USA) every half an hour during this typical plum rain season in 2015.
To compare the effects of human occupancy on humidity control, a typical Chinese apartment was chosen when it is unoccupied or occupied by parents and one child. The residence size is assumed to be 10 m (long) × 10 m (wide) × 2.7 m (high) according to normal construction conditions for homes in China.
To simplify the calculation, the activity of occupants in the indoor environment is assumed to be sitting quietly. In respect to the normal settings of the most families in Nanjing, the heat sources consist of occupants, lamps, electric devices, etc., while the moisture sources include the occupants, toilet, and probably a wet floor caused by swapping or other household cleanings. The total heat source is set to be 325 W, including heat generated from occupants, lights, and equipment. The moisture source is dominated by occupants. The combined moisture originating from a woman and a child is simplified to be equal with that originating from a male adult, whose strength is 0.019 g/(s·person) [25] . The sketch map of an ordinary home is shown in Figure 2 . 
Results
Data Collection And Fitting
The atmospheric temperature and RH during the plum rain season were shown in Figure 3 . High temperature and RH were observed with average values of 24.7 °C and 92.6% in the whole plum rain season, respectively, displayed through the dash line. 
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The diurnal outdoor meteorological parameters during the plum rain season are fitted for analysis on a typical plum rain day, as shown in Figure 4 . 
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The diurnal outdoor air RH is fitted as:
The outdoor air temperature and RH show opposite change trends, with their highest and lowest values almost appearing at the same time. The diurnal outdoor air temperature appeared relatively Atmosphere 2019, 10, 97 7 of 13 lower in the early morning and evening but higher in the afternoon, while the RH showed exactly the opposite change trend in the plum rain season.
Indoor Air Temperature and RH Without Ventilation
Figures 5 and 6 show the indoor air temperature and RH without ventilation and the infiltration rate is set to be 0.5 ACH. The indoor air temperature in the unoccupied home and occupied home shown in Figure 5 follows the sine function like the outdoor temperature. There is attenuation and delay of the indoor air temperature compared to the outdoor temperature, with 6 h delay because of the thermal inertia of the envelope. The cycle of the indoor air temperature is the same as the outdoor temperature, i.e., 24 h. Whether the home is unoccupied or occupied, the indoor air temperature is always higher than 20 • C, indicating that the RH crit keeps a constant, i.e., 80%. In the unoccupied home, the indoor air temperature ranges from 24.2 • C to 25.2 • C, and its centerline overlaps to the centerline of the outdoor temperature. While in the occupied home, the indoor air temperature ranges from 24.7 • C to 25.7 • C, and its centerline is above the centerline of the outdoor temperature.
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In addition, when the ventilation rate increases from 0.5 ACH to 1 ACH, the indoor air RH ranges from 89.6%~98.2% to 86.6%~97.5%. Specifically, when the ventilation rate increases from 4 ACH to 10 ACH, the indoor air RH ranges from 85.4%~97.4% to 86%~97.8%. Figure 9 shows the highest indoor air RH in the occupied home with a different ventilation rate under various outdoor air temperatures. Based on the meteorological parameters in the plum rain season in 2015, whose average outdoor air temperature is 24.8 • C, the various outdoor air temperature is described by average outdoor air temperature, i.e., 24.8 • C, 25.8 • C, 26.8 • C, 27.8 • C, and 28.8 • C. Interestingly, the highest indoor air RH first decreases and then increases with the increasing ventilation rate for different average outdoor air temperatures, indicating the optimal ventilation rate. The optimal ventilation rate decreases with increases in the outdoor air temperature. When the average outdoor air temperature is 24.8 • C and 25.8 • C, the optimal ventilation rate is about 3 ACH. When the outdoor air temperature is 26.8 • C, 27.8 • C, and 28.8 • C, the optimal ventilation rate is 2 ACH. It can be found from Figure 10 that the highest indoor air RH decreases significantly with an increasing outdoor air temperature. When the average outdoor air temperature is 24.8 • C, the highest indoor air RH ranges from 97.2% to 98.2% when the ventilation rate increases from 0.5 ACH to 10 ACH. When the average outdoor air temperature is 28.8 • C, the highest indoor air RH ranges from 76.3% to 79.0%, which is lower than the RH crit , i.e., 80%. However, the effect of the ventilation rate on the indoor air RH is weaker than the effect of outdoor air temperature. For the specific outdoor air temperature described by the average outdoor air temperature ranging from 24.8 • C to 28.8 • C, the indoor air RH at the optimal ventilation rate only decreases by about 1% compared with indoor air RH at the ventilation rate 0.5 ACH. Figure 10 shows the effects of dehumidification on the highest indoor air RH in the unoccupied home and occupied home. The indoor air temperature is independent of dehumidification, and it is the same as that shown in Figure 5 , which is higher than 20 • C. The indoor air RH is found to decrease significantly with an increasing dehumidification rate. Compared to the unoccupied home, the indoor air RH in the occupied home is slightly higher at the same dehumidification rate. As shown in Figure 10 , when the dehumidification rate rises up by 0.02 g/s, both of the indoor air RH in the unoccupied home and occupied home drop down by 2.2%. As the dehumidification rate increases to 0.16 g/s, the highest indoor air RH in the unoccupied home decreases to 79.0%, while the highest indoor air RH in the occupied home decreases to 81.0%, which is still higher than the RH crit , i.e., 80%. In the occupied home, the highest indoor air RH exactly reaches the RH crit when the dehumidification rate rises up to 0.17 g/s.
The Effect of Dehumidification in Unoccupied and Occupied Home
the effect of the ventilation rate on the indoor air RH is weaker than the effect of outdoor air temperature. For the specific outdoor air temperature described by the average outdoor air temperature ranging from 24.8 °C to 28.8 °C, the indoor air RH at the optimal ventilation rate only decreases by about 1% compared with indoor air RH at the ventilation rate 0.5 ACH. Figure 10 shows the effects of dehumidification on the highest indoor air RH in the unoccupied home and occupied home. The indoor air temperature is independent of dehumidification, and it is the same as that shown in Figure 5 , which is higher than 20 °C. The indoor air RH is found to decrease significantly with an increasing dehumidification rate. Compared to the unoccupied home, the indoor air RH in the occupied home is slightly higher at the same dehumidification rate. As shown in Figure 10 , when the dehumidification rate rises up by 0.02 g/s, both of the indoor air RH in the unoccupied home and occupied home drop down by 2.2%. As the dehumidification rate increases to 0.16 g/s, the highest indoor air RH in the unoccupied home decreases to 79.0%, while the highest indoor air RH in the occupied home decreases to 81.0%, which is still higher than the RHcrit, i.e., 80%. In the occupied home, the highest indoor air RH exactly reaches the RHcrit when the dehumidification rate rises up to 0.17 g/s. Figure 11 shows the effect of heating on indoor air RH in the unoccupied home. The indoor air temperature in the home with heating is higher than that without heating, as shown in Figure 5 , indicating the indoor air temperature is higher than 20 °C, and the RHcrit is maintained at 80%. As shown in Figure 11 , when the heating rate rises up by 250 W, the indoor air RH in the unoccupied home drops down by 2.2%. When the heating rate rises up to 1000 W, the lowest indoor air RH decreases significantly to 79.5%, which is lower than the RHcrit. However, the highest indoor air RH is higher than the critical RH. When the heating rate rises up to 2000 W, the lowest indoor air RH decreases significantly to 72%, and the highest indoor air RH is 79%, indicating that the indoor air RH is lower than the RHcrit. Figure 11 shows the effect of heating on indoor air RH in the unoccupied home. The indoor air temperature in the home with heating is higher than that without heating, as shown in Figure 5 , indicating the indoor air temperature is higher than 20 • C, and the RH crit is maintained at 80%. As shown in Figure 11 , when the heating rate rises up by 250 W, the indoor air RH in the unoccupied home drops down by 2.2%. When the heating rate rises up to 1000 W, the lowest indoor air RH decreases significantly to 79.5%, which is lower than the RH crit . However, the highest indoor air RH is higher than the critical RH. When the heating rate rises up to 2000 W, the lowest indoor air RH decreases significantly to 72%, and the highest indoor air RH is 79%, indicating that the indoor air RH is lower than the RH crit .
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home drops down by 2.2%. When the heating rate rises up to 1000 W, the lowest indoor air RH decreases significantly to 79.5%, which is lower than the RHcrit. However, the highest indoor air RH is higher than the critical RH. When the heating rate rises up to 2000 W, the lowest indoor air RH decreases significantly to 72%, and the highest indoor air RH is 79%, indicating that the indoor air RH is lower than the RHcrit. 
Discussion
RHcrit is found to be a constant in this study, i.e., 80%, because the indoor air temperature is normally higher than 20 °C during the plum rain season. Dehumidification is indispensable for controlling indoor air RH in both the unoccupied home and the occupied home. It is noted that removing moisture is crucial in humidity control in an indoor environment, especially in humid climates [29] . When the dehumidification rate rises up by 0.02 g/s, both of the indoor air RH in the unoccupied home and occupied home drop down by 2.2%, which could be achieved by various dehumidification methods. For instance, a solid desiccant dehumidification system [30] and a liquid desiccant dehumidification system [31] could be combined with the air conditioning system, or a high-efficiency household dehumidifier could also be used in homes [28] . In recent years, 
RH crit is found to be a constant in this study, i.e., 80%, because the indoor air temperature is normally higher than 20 • C during the plum rain season. Dehumidification is indispensable for controlling indoor air RH in both the unoccupied home and the occupied home. It is noted that removing moisture is crucial in humidity control in an indoor environment, especially in humid climates [28] . When the dehumidification rate rises up by 0.02 g/s, both of the indoor air RH in the unoccupied home and occupied home drop down by 2.2%, which could be achieved by various dehumidification methods. For instance, a solid desiccant dehumidification system [29] and a liquid desiccant dehumidification system [30] could be combined with the air conditioning system, or a high-efficiency household dehumidifier could also be used in homes [31] . In recent years, hygroscopic building materials have drawn increasing interest from researchers for its virtue of adjusting indoor RH without energy consumption [32] . In an unoccupied home, heating could be an alternative choice, though it may not be as efficient as dehumidification measures. What's more, the indoor air temperature increases significantly by heating, which reduces the thermal comfort and further influence occupants' work efficiency.
Human occupancy plays an important role in indoor air RH and its intervention methods in plum rain season. Ventilation is undesirable in an unoccupied home. For unoccupied home without heat and moisture source, ventilation plays a more important role in bringing moisture than bringing heat into an indoor environment when the ventilation rate is lower. With the ventilation rate increasing, the contribution of ventilation on heat intake becomes dominant, resulting in a significant decrease in indoor air RH, which finally reaches the outdoor air RH. In the occupied home, the requirement of ventilation rate depends on the outdoor air temperature. For a specific outdoor air temperature, there exists the optimal ventilation rate at which the indoor air RH reached the minimum value. When the ventilation rate is lower, the effect of ventilation on moisture moving out is stronger than that on heat moving out, contributing to a decrease in the indoor air RH. Then, the indoor air RH becomes higher when the ventilation rate increases due to the role of ventilation in lowering indoor air temperature. The optimal ventilation rate is able to create favorable indoor air RH that is lower than RH crit at a higher outdoor air temperature. In the specific case discussed in this study, the indoor air RH is lower than RH crit , i.e., 80% at the outdoor air temperature 28.8 • C. Similarly, the acceptable outdoor air temperature and its corresponding optimal ventilation rate could be identified in other building conditions and the indoor environment.
The indoor air RH and its intervention methods in the unoccupied home and occupied home have been discussed in this preliminary study, though the heat and moisture source of human occupancy are certain, and people indoors are simplified to be sitting quietly. Further studies could investigate different activity types, and field measurements of mold growth indoors may be carried out.
Conclusions
The heat source and moisture source of humans is revealed as a predominant factor influencing the indoor air RH and its intervention methods. The tightness of the home also is a significant influencing factor during the plum rain season, especially for the unoccupied home. In the unoccupied home, ventilation is unnecessary. Modest amounts of heating or dehumidification measures are helpful in reducing the indoor air RH for occupied and unoccupied homes. In the occupied home, the effects of ventilation depends heavily on the outdoor temperature due to the coupling between the temperature and humidity. Since heating is not suitable for the occupied home during summer, dehumidification measures are indispensable to control indoor humidity. This study provides general guidelines for residents about preventing mold growth in East Asia during the plum rain season. 
